Abstract A separation of 209 Po, 207 Bi and 212 Pb using AG 50Wx8 and AG MP 50 cation exchange resins in an HCl medium was developed. A procedure in which Po(IV) elutes first in 0.2 M HCl, followed by Bi(III) in 0.4 M HCl and finally Pb(II) in 2 M HCl was established. The separation using AG 50Wx8 provides a much better elution profile than that of AG MP 50 with no overlap between the elution bands. This separation has the potential to be used as an isotope generator for producing 210 Po from 210 Pb.
Introduction
210 Po is a naturally occurring radioactive isotope that is used in static eliminators, radioisotope thermoelectric generators, and neutron sources [1] . It is part of the natural decay chain of 238 U (see Fig. 1 ) and can also be produced by the irradiation of lead or bismuth [2] . For commercial antistatic devices, it is necessary to have highly radiopure 210 Po because if there is c or b radiation present from the decay of bismuth or lead the device would require additional shielding for worker safety, which is not desirable for most applications [3] .
To artificially produce 210 Po from bismuth, natural bismuth (100% 209 Bi) is irradiated in a nuclear reactor, where thermal neutron capture followed by b -decay results in the production of 210 Po, or it is irradiated in an accelerator, producing 210 Po by a (p, c) or (d, n) reaction [2, 5, 6] . Methods for the recovery of polonium from the bismuth target material employ some of the following techniques: distillation, electrodeposition, liquid-liquid extraction, precipitation and/or adsorption [5, 6] . These methods are not ideal as distillation of 210 Po involves the handling of large amounts of toxic polonium vapor and corrosive liquid bismuth, while precipitation, electrodeposition and liquidliquid extraction are all highly dependent on solution conditions, inefficient, costly, and produce large amounts of waste [5] . However, because of the difficultly of acquiring large amounts of 210 Po from natural sources, it is a common practice in industry to produce it artificially [1]. Due to the limited uses and high toxicity of 210 Po [7] , recent studies involving the production of 210 Po are uncommon and there have been no large developments in this area since the original studies. However, a recent publication used a novel reaction to produce 210 Po for radiochemical studies via the 209 Bi(a, 3n) 210 At reaction with 210 At decaying to 210 Po with a half-life of 8.1 h [4, 8] . After dissolution of the targets, 210 Po was recovered using a liquid-liquid extraction with a total yield of 85.2 ± 4.5% with no detectable bismuth [8] .
Strelow has done extensive work to characterize the behavior of various elements on AG MP-50 and AG 50Wx8. These studies show that a separation of Bi(III) and Pb(II) can be accomplished on both resins as Pb has a distribution coefficient at least an order of magnitude higher than Bi for HCl concentrations from 0.2 to 1.0 M [9] [10] [11] [12] . Polonium has also been shown to have a low distribution coefficient on cation exchange resins [13] .
Recent work to characterize polonium-lead separations has been largely for environmental reasons [14] [15] [16] [17] [18] . These studies have found that Eichrom Sr resin is able to separate Bi, Po, and Pb using an HCl/HNO 3 gradient [14] . Eichrom Pb resin is also able to do this separation, but with nonnegligible amounts of Po in the Pb fraction [15] or Bi fraction depending on the eluent system [17] .
In previously published works, the purification of 210 Po from the natural 238 U decay chain is often done by liquidliquid extraction [2, 19] , absorption [20] or anion exchange [21] . Of these methods, ion exchange purification is an attractive option because it is rapid, simple, does not require the addition of carrier, and is able to separate the desired product from a large number of impurities without additional processing steps. An isotope generator producing 210 Po from 210 Pb would be a convenient method for producing 210 Po because it would eliminate the need for expensive irradiations and minimize the chemical processes needed to purify polonium.
The purpose of this research is to demonstrate a separation of polonium, lead, and bismuth using a cation exchange resin that has the potential to be applied to the creation of a 210 Pb/ 210 Po generator that could produce purified, no-carrier added 210 Po. This separation employs commercially available AG 50 Wx8 and AG MP 50 resins, strong cation exchange resins with sulfonic acid functional groups, which retain lead on the resin while polonium and bismuth are eluted [11] [12] [13] . In this experiment, tracer isotopes of 212 For the application of creating a generator, the resin needs to be stable over a long period of time and repeated elutions. For this reason, a cation exchange resin was chosen over an anion exchange resin as cation exchange resins are more stable for long term use [22] . To further ensure the stability of the resin, it was preferable to use a weaker acid, so HCl rather than HNO 3 was chosen. Chloride solutions are also easier to manipulate than nitric solutions, which makes the product of the generator easier to use in subsequent chemical procedures. AG resins were chosen as they are commonly used resins with plenty of data available but had not been previously characterized in this way. The Eichrom resins were not considered because they are physically absorbed resins and the extractant tends to bleed off with repeated elutions making them less stable for a generator application [23, 24] . The acid concentrations and mesh sizes were chosen based on the data that was available in the literature.
Experimental
The resins AG 50Wx8 (100-200 mesh) and AG MP-50 (200-400 mesh) were used for the separations. All reagents used were of trace metal grade or higher; acids were diluted as necessary with Millipore Milli-Q deionized water (18.2 MX cm). The resins were cleaned based on [23] by rinsing with: 1 M HCl, water, 1 M NaOH, water. In each rinse, the volume of liquid was twice the volume of resin. This series of rinses was repeated, and then the resin was rinsed with ethanol (99.9%) and water. It was stored in 0.1 M HCl. Eichrom technologies polypropylene 2 mL columns were used for the separations. The columns were packed with 2 mL of resin under gravity flow and preconditioned with 8 mL of 0.2 M HCl before use. The flow rate of the AG 50Wx8 was about 0.14 to 0.1 mL min Bi and 209 Po, also in HCl solutions. The stock solution was evaporated to dryness at 60°C to reduce the quantity of polonium lost in the evaporation and then reconstituted in 200 lL of 0.2 M HCl. The activity of each stock solution was determined by c spectroscopy before elution of the column. Half of the stock solution was reserved to serve as a standard for a spectroscopy measurements and was diluted with 0.2 M HCl until the total volume was 1 mL. The other half of the stock solution (100 lL) was loaded onto a prepared column of either AG 50Wx8 or MP 50 and the column was then eluted with varying concentrations of HCl. Fractions were collected in 1 mL increments. A total of 20 mL was eluted on the AG 50Wx8 columns. The MP 50 column was eluted with 20 mL then capped for 12 h before an additional 4 mL were eluted.
The activity of the fractions was measured using a high purity germanium (HPGe) c-ray spectrometer with an Ortec DSPEC multi-channel analyzer. Maestro software (Ortec) was used to analyze the resultant spectra. All measurements were made relative to the stock solution using the same HPGe detector and in the same geometric configuration. The activity of the polonium was measured using an Alpha Analyst system (Canberra) with a silicon barrier detector; the spectra were analyzed using the software Genie 2000 (Canberra). Sources for a spectroscopy were made by stippling a 100 lL aliquot of each fraction onto a one-inch nickel disc heated to 35°C. For each experiment, a standard a source was also made from 100 lL of the reserved, diluted stock solution. All measurements were made relative to the identically made source from the same stock solution, so the salts and concentrations present are the same and the attenuation should be similar and can be neglected in calculations. The geometry was consistent for all measurements. Nickel discs were chosen for the a sources because polonium has been shown to spontaneously deposit on Ni from dilute (\ 1 M) HCl solutions [26] .
Results and discussion AG 50Wx8
In the initial separation (Fig. 2) , polonium showed little to no affinity for the resin and eluted in the first few fractions. The bismuth was retained on the column for the first several fractions of 0.2 M HCl, but began to bleed off the column after 6 mL had flowed though. Lead was retained on the column at low HCl concentrations and did not elute until 2 M HCl was added.
To improve the elution profile of the bismuth, the eluent was changed to 0.4 M HCl after the first 6 mL of 0.2 M HCl were collected and this resulted in a clean elution peak for bismuth (Fig. 3) while the elution of polonium and lead was unchanged. This new procedure for elution was repeated twice to ensure reproducibility.
AG MP 50
The elution profile of the AG MP 50 resin (Fig. 4) was similar to the AG 50Wx8, but the separation was not as successful on the MP 50 resin due to a broad bismuth peak and the extremely slow flow rate, which would be impractical for many applications. Due to the slow run time of the column, after the first 20 mL were eluted, the experiment was stopped and continued the next day with the elution of 4 mL of 2.0 M HCl, which produced the lead peak. Since it was apparent from the first experiment with this column that it would not be practical, this column , which could be contributing to its behavior in the column, but due to the ultra-trace concentrations present in this experiment, it is unlikely that hydrolysis is occurring to a significant degree [11] .
The lead did not immediately elute when 2 M HCl was added, which was expected based on the lead behavior in AG 50Wx8, and was observed to elute the next day after the column was allowed to sit for 12 h in 2 M HCl. 210 Po, and 210 Bi, and since these isotopes are present in very low amounts, they would not affect the separation and would decay out of fractions containing polonium and bismuth shortly after elution.
Discussion
A finer mesh size can broaden elution peaks as well as shift the peaks to later fractions and these effects can be seen by comparing the elution profile of the AG 50Wx8 and AG MP-50. The polonium peak is shifted back about 1 mL when going from AG 50Wx8 to AG MP 50. The lead peak is much broader and shifted back by 3 mL. There are most likely other contributing factors besides the mesh size, and this shifting of this peak could be due to the higher distribution ratios of lead on AG MP 50 than on AG 50Wx8 or slow kinetics of the interaction between lead and the MP 50 resin [9, 12] . Since the experiment was only performed once the exact cause is unknown.
The speciation of Pb(II) is dominated by cationic complexes, probably Pb 2? or PbCl ? , at low concentrations of HCl, and therefore it is retained on the column, but it forms anionic complexes at concentrations of HCl greater than 1 M, so it is eluted in 2 M HCl in this separation. The negative complexes of lead that elute from the column under higher HCl concentrations may be PbCl 3 -or PbCl 4 2- [27] . The lead peak is extremely narrow on the AG 50Wx8 resin indicating that the kinetics of the interaction between the lead and resin are faster than the flow of the column. Literature data gives the distribution coefficients for Pb 2? on AG 50Wx8 to be 1420 in 0.2 M HCl and 183 in 0.5 M HCl and 5.2 in 2.0 M HCl, which matches the behavior that was observed in this column [12] .
It was observed on the AG 50Wx8 resin that bismuth did not immediately elute at 0.2 M HCl, but rather bled off the column after several milliliters had been eluted (Fig. 2) . Previous work by Strelow on AG 50Wx8 did not report a distribution coefficient for Bi 3? in 0.2 M HCl because bismuth precipitated [12] . The concentration of bismuth present in this experiment is too low to allow for precipitation, but the behavior of bismuth on this column indicates that bismuth has a low, but non-negligible, distribution coefficient for AG 50Wx8 in 0.2 M HCl or bismuth is forming cationic or neutral species at this concentration of HCl. Further studies would be required to determine the cause of this behavior. Strelow reported a distribution coefficient of less than 1.0 for bismuth on AG 50Wx8 in 0.5 M HCl, agreeing reasonably with this experiment which showed little affinity at 0.4 M HCl, however, it appeared as a broad peak, possibly due to slow kinetics [12] . Bi(III) has been shown to form anionic complexes in 0.25 to 12 M HCl, and when bismuth is at low concentrations relative to chloride ions as in the conditions of this experiment, the dominant coordination complex is thought to be BiCl 5 2- [27] . In HCl at concentrations less than 0.5 M, polonium forms anionic complexes, potentially PoCl 6 -2 , and therefore elutes immediately from the cation exchange column [13] . It is assumed that polonium forms complexes similar to its lighter homologs, tellurium and selenium, and that polonium is in the ?4 oxidation state in HCl, however it has been theorized that polonium can be reduced by impurities so a mix of oxidation states is possible [13] .
The total recovery for the first AG 50Wx8 column experiment (represented in Fig. 3 , Series 1) was 84.3 ± 0.6% for lead, 87 ± 1% for bismuth and 92 ± 5% for polonium. The total recovery yield from Younes [8] for the production of 210 Po from a irradiation of bismuth was 85.2 ± 4.5% [8] . These two yields are within error, so this experiment is not a significant improvement in yield, but the total process is improved because the production of 210 Po from a generator is much more efficient in time and labor than production in an accelerator. With the AG 50Wx8, there was no detectable overlap of each of the peaks wihin counting statistics, so the decontamination factors are high. Since the separation on the AG MP 50 was not as good as with the AG 50Wx8, it was eliminated from contention as a possible generator resin and the speciation was not considered.
Conclusions
The behavior of polonium, lead and bismuth was studied on AG 50Wx8 and AG MP 50 resins. A successful separation was achieved on the AG 50Wx8 resin and produced an elution profile suitable for application to an isotope generator. The AG MP 50 resin had a similar elution profile but with overlap between the bismuth and polonium bands, slow kinetics, and an extremely slow flow rate, making it impractical for use in a generator. The chemistry of this separation is applicable to the creation of a 210 Pb/ 210 Po generator with no changes to the procedure apart from making the stock solution with 210 Pb. Future work will involve making a generator with naturally occurring 210 Pb and regularly eluting 210 Po to characterize the lifetime of the generator and any breakthrough of the 210 Pb.
